tion to delayed visual feedback and that what improvement did occur was limited and quite variable.
Shortly before Smith demonstrated the detrimental effects of visual delay on visuo-motor coordination, a number of investigators showed that speech production was disrupted by delayed auditory feedback (DAF); the earliest of these DAF studies were those of Lee in the early 1950s (Lee, 1950a (Lee, , 1950b (Lee, , 1951 . DAF was produced by recording a subject's speech on a magnetic tape recorder with separate record and playback heads; then, by controlling the tape speed and the distance between the record and playback heads, the subject's voice could be delayed a predetermined amount when played back to him over headphones. By using a movable record or playback head, variable delays could be achieved.
The changes in speech that occur during exposure to DAF are in many ways similar to the alterations in visuomotor coordination elicited by delayed visual feedback. Analyses of speech produced under DAF have shown that there is a slowing down of the speech rate (Black, 1951; Chase, Harvey, Standfast, Rapin, & Sutton, 1959; Fairbanks, 1955; Spilka, 1954;  Rawnsley & Harris, Note 1), an increase in speech intensity (Atkinson, 1953; Black, 1951; Fairbanks, 1955; Spilka, 1954) , and a rise in fundamental frequency (Fairbanks, 1955) . DAF also produces articulatory disturbances such as mispronunciations, omissions, substitutions, repetitions of syllables and continuant sounds and various nonrepetitive additions (Atkinson, 1953; Fairbanks & Guttman, 1958; Hanley & Tiffany, 1954; Lee, 1951; Tiffany & Hanley, 1956) .
The possibility of adaptation to DAF has been the subject of several investigations which have used widely different definitions of "adaptation." Although some investigators claim that adaptation occurs during exposure to DAF, as reflected by an 476 increase (Fillenbaum, 1965; Timmons, 1971; Winchester, Gibbons & Krebs, 1959) and a decrease in such fluency breaks as repetitions and omissions (Tiffany & Hanley, 1956) , others failed to find any changes in speech rate (Atkinson, 1953; Tiffany & Hanley, 1956) or in speech intensity (Atkinson, 1953) . Aftereffects of DAF were reported by Black (1955) , who found a decrease in speech rate after removal of DAF compared to the pre-DAF rate, but no change in speech intensity; in a related study, Tiffany and Hanley (1956) found that subjects most affected by DAF had a slower rate of speech subsequent to DAF exposure, and those least affected, a faster rate. However, Leith and Pronko (1957) found no difference between post-DAF and pre-DAF speech rates, and Zalosh and Salzman (1965) found no evidence for aftereffects of DAF in terms of speech rate, speech intensity, or frequency of articulatory errors.
Unlike the studies of visual rearrangement, which clearly demonstrate adaptation and subsequent negative aftereffects, the existing studies of adaptation to DAF are often contradictory and fail to provide conclusive evidence for adaptation and aftereffects. One problem apparent in all of these studies is the relatively short time the subjects are exposed to DAF; in no study is the exposure period more than a few minutes. In those studies in which adaptation is claimed, there may simply be an initial stabilization of performance during the first several minutes of exposure to DAF. Moreover, each study used only one type of reading material and defined adaptation by one measure alone-generally reading rate.
In the present study, adaptation to delayed auditory feedback was examined using exposure conditions of relatively prolonged durations. Both incremental and single-step introduction of DAF were used, because incremental exposure is known to enhance the rate of adaptation to other forms of sensory rearrangement (Ebenholtz, 1966 (Ebenholtz, , 1973 Graybiel, 1969; Graybiel & Wood, 1969; Lackner & Lobovits, 1977) , as well as to allow adaptation to exposure conditions that normally preclude adaptation (Graybiel, 1969) .
Earlier studies of adaptation to delayed auditory feedback have not included control stimuli or conditions to evaluate the possibility of practice effects. That is, performance might improve with additional exposure to the test stimuli and be confused with adaptation to the auditory delay. For this reason, several kinds of test materials were included in the present investigation to assess the relative importance of syntactic and memorial factors in adaptation to DAF. These stimuli included a long prose passage, memorized word lists, and memorized sentences; the advantage of the latter stimulus types is that accuracy of speech performance is already maximal and additional practice does not aid performance (cf. Lackner & Levine, 1975; Shattuck & Lackner, 1975) . Changes in speech duration and relative frequencies of various types of articulation errors were used as indices of adaptation and aftereffects.
METHOD

Subjects
Ten Brandeis students, six females and four males, served voluntarily without pay. All were native speakers of English without known hearing or speech defects.
Apparatus
Delayed auditory feedback was produced with an Ampex AG-500 tape recorder, so modified that the distance between the custom record and playback heads could be adjusted by moving the sliding playback head. The subject spoke into an AKG D-1000E microphone from which the signal passed through the Ampex preamplifier to the record head, where it was recorded on the tape before passing a predetermined distance to the playback head, where it was recovered, amplified, and played back to the subject through a pair of Grason Stadler TDH-39Z headphones. By varying the distance between the record and playback heads and the speed of the tape (71/2 or 15 in./sec), the playback of the subject's voice could be delayed in a continuous range from 43 to 766 msec; calibration was achieved by using a triggered dual beam oscilloscope (Tektronix 561A). The delay system could also be bypassed to allow the subject simultaneous auditory feedback of his voice. The subject's performance was recorded on a Magnecord 1024 tape recorder.
Experimental Procedure
Each subject was run twice, once in each of two experimental conditions. During an experimental session, the subject sat in a sound-insulated booth, wore headphones, and spoke into a microphone placed 10 in. from his or her mouth. Sound pressure level at the headphones was set individually for each subject at 25-30 dB above normal speaking level, as measured at the microphone. Each experimental session consisted of five parts or "feedback periods." The first two parts were under simultaneous and delayed auditory feedback, respectively (labeled SAF-pre and DAF-pre); the third involved prolonged exposure to DAF (labeled DAFexposure); and the last two parts were under delayed and simultaneous auditory feedback, respectively (labeled DAF-post and SAF-post).
SAF-pre. The first part of each session provided a baseline for each subject in relation to which his later performance could be compared. The subject was required to repeat four times each member of a set of five seven-word lists and five seven-word sentences that had been memorized ahead of time. The subject was asked to say the lists and sentences at a normal rate in a normal voice and to repeat each list and sentence in exactly the same manner every time. When satisfied with the repetitions of a particular list or sentence, the subject went on to the next list or sentence, in sequence. Following the lists and sentences, the subject was required to read a relatively difficult 284-word prose passage that had not been memorized before the experiment. DAF-pre. In the second part of the experiment, a 200-msec delay was introduced. A delay of this magnitude is maximally disruptive of speech production (Fairbanks & Guttman, 1958) . The subject was first required to read or to speak for 1 min in order to familiarize him with DAF. He was then requested to repeat the lists and sentences and to read the prose passage, as in the first part, trying again to speak in a normal voice and rate despite the DAF. Performance here is an , indication of how disrupted the subject is by DAF. 
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DAF-exposure. The third part of the experiment involved prolonged exposure to DAF. The subject read from Ernest Hemingway's Old Man and the Sea during )7 4-min intervals 168 min of DAF total) with 1-min rest periods between intervals. The delay was either introduced gradually or in a single step, depending on which of the two experimental conditions was employed. In one condition, the delay was increased incrementally after each 4-min reading period, beginning with a 43-msec delay and then increasing first to 50 msec and then, by 10-msec steps, up to ZOO msec. In the second condition, a 200-msec delay was maintained throughout. Half of the subjects received the incremental-exposure condition first, and half received the constantdelay condition first.
DAF-post. In the fourth part of each experimental session, the subject once again repeated the lists and sentences and read the prose passage under 200-msec DAF, as in DAF-pre. Performance here compared with DAF-pre indicates the presence or absence of adaptation.
SAF-post. In the fifth and final part, in order to determine whether there was an aftereffect of exposure to DAF, the subject again spoke the lists, sentences, and prose passage, but this time under SAF. The subject was not informed that this was the last part of the experiment.
After each experimental session, the subject was asked whether or not he had felt any self-improvement in the DAF-post condition compared to the DAF-pre condition. The subject was also asked to describe any strategies that he used to overcome the disruptive effects of DAF and whether he had experienced anything unusual in the SAF-post condition. At the conclusion of the second experimental session, the subject was asked which of the two experimental conditions seemed most difficult. The average time between experimental sessions for the subjects was 18 days, with a range of 10 to 29 days.
RESULTS
Scoring
The tape recordings from each experimental session were analyzed for articulatory errors, and these errors were assigned to one of four categories: repetitions, omissions, additions, or substitutions. Graphic records were made of each recording session using an inkwriting polygraph with the chart speed set at 30 mm/sec. Measurements were then taken from the graphs with an estimated accuracy of ±0.5 mm to determine the duration of each of the lists, sentences, and a selected portion of the prose passage. Durations for the last three repetitions of each list or sentence were averaged, and these averages were pooled so that composite means for lists and for sentences could be obtained for each subject in each subcondition.
The data from each subject are presented separately in Appendices I and 2, and group data are summarized in Tables 1 and 4 . The durations indicated are the composite means for the set of lists, set of sentences, and a selected portion of the prose passage; the articulatory errors are the total number for each stimulus set. The different categories of articulatory errors are considered individually below.
The data were treated by analyses of variance. Groups of three-, four-, and five-way analyses were carried out to examine the disruptive effects of DAF, the presence of adaptation to DAF, and the aftereffects of exposure to DAF. Within each group of analyses, separate analyses of variance were made of articulatory errors and durations for the three types of stimuli (lists, sentences, and prose passage). The analyses also evaluated possible interactions of amount of initial disruption, level of adaptation, and magnitude of aftereffect with experimental condition (incremental or constant delay), order of 
Initial Disruption
A significant increase in the number of articulatory errors and in stimulus durations occurred in the DAF-pre period compared to the SAF-pre period for all linguistic stimuli (lists, sentences, and prose passage) indicating that DAF disrupted production of all categories (see Table 5 ). There was a significant interaction (p < .001) between the two feedback conditions (SAF and DAF) and type of stimulus (lists and sentences) in duration, with sentences being less disrupted than lists in terms of speaking rate. decreased in DAF-post relative to DAF-pre, only lists decreased significantly in speaking duration p < .01). This differential effect on lists and sentences produced a significant interaction between feedback period and stimulus type (p < .01). The results of these analyses are summarized in Table 6 .
Aftereffects
A comparison of the SAF-pre period with the SAF-post period showed significantly shorter durations in SAF-post for all stimulus types (see Table 7 ). This effect was significantly less for sentences than for lists (p < .001). No differences were found in terms of articulatory errors.
Adaptation
Comparing The DAF-post to the DAF-pre period, the number of articulatory errors decreased significantly (p < .05) in the sentences and prose passages and decreased in lists, though not significantly.
Although the durations of all linguistic categories
Experimental Condition
No significant effect of incremental vs. constant delay on adaptation in terms of articulatory errors or of duration changes appeared. There was, however, an interaction in all of these categories between experimental condition and the order in which the condition was presented, indicating a possible carryAnalyses of Variance of Disruption in over effect from the first experimental session to the second. To confirm the presence of carry-over, analyses were carried out comparing each subject's first and second experimental sessions over the various parameters of the experiment. A significant decrease in the amount of disruption from the first to second session was evident and appeared as an interaction between feedback periods (SAF-pre vs. DAF-pre) and experimental session for duration (p < .05 for lists and for sentences; p < .001 for prose), and for articulatory errors on the prose passage (p < .05); articulatory errors on lists and sentences decreased as well, but not significantly. A decrease also occurred in the DAF-pre measures of the second session compared to the DAF-pre measures of the first session in all stimulus and measurement categories. The mean durations of all stimulus materials and the total number of articulatory errors on lists were actually lower in the DAFpre condition of Session 2 than in the DAF-post condition of Session 1 (see Tables 3 and 4 ). An analysis of variance indicated a significant decrease (p < .05) between I he first and second sessions in stimulus mean duration averaged across DAF-pre and DAF-post periods in each session; the total errors also decreased between sessions in each stimulus category, but this difference was not statistically significant. The results are illustrated by experimental session in Tables 3 and 4 .
Articulatory Errors
The mean number of articulatory errors across subjects in each category (substitutions, repetitions, omissions, and additions) for each of the feedback conditions is illustrated for Session 1 in Figure 1 .
As can be seen, all types of errors increased from the SAF-pre to DAF-pre periods, decreased from the DAF-pre to DAF-post period, and decreased in the SAF-post period to the SAF-pre level. Repetitions were the most common error followed by omissions, additions, and substitutions. The percent decrease from the DAF-pre to DAF-post periods followed the same order of magnitude: repetitions, 42.1%; omissions, 32.1%; additions, 25.0%; substitutions. 
Subjectiv
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Subjective Reports
In response to whether they noticed anything unusual in the SAF-post condition, three subjects reported a feeling of relief after DAF was removed and three subjects thought they had been speaking faster in the SAF-post period during one of their sessions; others reported such changes as slurring, clearer speech, and greater concentration on speech production. All but one subject found the incremental delay condition easier than constant delay, although these subjects did not think that their performance was necessarily superior in that condition. Nine of the 10 subjects believed they had performed better in DAF-post than in DAF-pre in at least one experimental session, 4 thought they had done better on both sessions. Thus, in general, the subjects had correctly assessed their performance.
The subjects reported having tried various strategies to overcome the disruptive effects of DAF. One common strategy was to block selectively auditory feedback by trying to disregard the DAF coming through the headphones and relying on boneconducted auditory feedback; most subjects found this difficult because of the high intensity of the DAF. Other less common strategies included (a) speaking in a discontinuous, staccato fashion; (b) speaking without pauses; (c) slowing the speaking rate; (d) increasing the speaking rate; (e) concentrating on the typescript when reading the prose passage; (f) concentrating on speech production, including position of the lips and tongue, and attempting to watch lip movements; (g) not concentrating on speaking; (h) maintaining a rhythm; (i) speaking at a constant rate; (j) speaking louder; and (k) enunciating more carefully. The subjects reported trying similar strategies in each of the two experimental sessions, but retaining only those strategies with which they had had the most success.
DISCUSSION
The experimental results indicate that some adaptation to delayed auditory feedback is possible and that the extent and nature of this adaptation is dependent on the amount of initial disruption and the type of stimulus used. Adaptation to delayed auditory feedback takes place only when there is a substantial amount of initial disruption, and, accordingly, a significant need for compensation. The lesser disruption and consequent lack of significant adaptation for sentences compared to word lists in terms of duration is likely related to evidence that the size and complexity of the control patterns used to organize movements of the vocal apparatus are greater for syntactic than for nonsyntactic material (Lackner & Levine, 1975) . Auditory feedback is, therefore, less important, in that, with syntactic material, speakers have more information about what they are going to say over a greater time period. In addition to a greater reliance on auditory feedback, the disruption of the nonsyntactically structured list stimuli during delayed auditory feedback is perhaps related to the shorter durations of the innervation patterns of the list stimuli which are closer to the critical delay time of 200 msec than are those of the sentence stimuli.
This relationship between disruption and adaptation controverts the possibility of a significant practice effect. If a large practice effect were present, then decreases in errors and durations of the stimuli should be independent of the amount of initial disruption; they were not. Moreover, since the subjects were trying to say the memorized word lists and sentences at precisely the same rate during all four test periods, the rate that had been set in the SAF-pre test period, a practice effect should take the form of an increase in accuracy of repetition, with the mean durations of repetitions remaining equal to those of the SAF-pre values for the different stimuli. However, the overall accuracy of repetition of individual word lists and sentences did not improve in successive feedback periods, whereas their mean durations varied in a manner indicative of adaptive compensations in speech production. Similarly, an analysis of articulatory-error frequencies for all three types of stimuli fails to yield a pattern consistent with a practice effect; there are no significant differences in error frequencies between SAF-pre and SAF-post such as would be expected with a significant practice effect.
An aftereffect is evident for all stimulus materials and appears as an increased speech rate after DAF is removed. This finding is contrary to that of Black (1955) , who reported a slowing of speech after exposure to delayed auditory feedback. The aftereffect may not be entirely dependent on adaptation, because small aftereffects were apparent even for stimuli in which minimal adaptation was evident. Despite this qualification, there is a clear relationship between aftereffect magnitude, amount of adaptation, and magnitude of initial disruption, e.g., the durations of the word lists were more disrupted and showed more adaptation than those of the sentences, and word lists likewise exhibited significantly greater aftereffects.
Caution is necessary in interpreting the shortened post-SAF durations as an aftereffect, since it might be claimed that subjects naturally speed up in anticipation of the end of the experimental session. Such an interpretation is unlikely, at least for the first experimental session, because the subjects had not been told when they had reached the last part of the experiment. The aftereffect most likely resulted from an overcompensation in speaking rate that occurred when the constraining effects of delayed auditory feedback were removed. This release is apparent in the feeling of "relief" noted by some subjects in the last SAF condition. Several factors may account for nonsignificant results in certain measures of adaptation and aftereffects, the most important of which is high intersubject variability. Variability was especially evident in the prose passage, probably due to its greater length and complexity. The impact of delayed auditory feedback on the 10 subjects ranged from almost no apparent disruption in some subjects to nearly complete incapacitation in others; the amount of adaptation elicited is correspondingly variable. It is notable, nonetheless, that even those subjects who appear to be minimally disrupted by DAF report that speaking is difficult and requires considerably more effort than under normal conditions.
A striking feature of this study is the transfer effect from the first to the second experimental session, evident even in the subject with the longest interval between sessions (29 days). Transfer is most apparent in the measures of speech duration which were much less disrupted in the second delayed auditory feedback session. This carry-over is quite different from that which occurs with adaptation to visual displacement where carry-over of adaptation is small after 48 h (Lackner & Lobovits, 1977) , although it may persist at measurable levels over 2 weeks (Yachzel & Lackner, 1977 ). It appears that in the second session, subjects retained and utilized strategies they had developed during the first session. Accordingly, any potential differences between the incremental and constant delay exposure conditions cannot be determined, because they are masked by the carry-over effect which produces a reduction in the amount of improvement in the second session regardless of experimental conditions. Most subjects reported that the incremental exposure condition was less difficult, but this may be the result of the shortened period of exposure to maximal delay during the incremental delay condition.
It is evident that adaptation to delayed auditory feedback has different characteristics than the compensation that occurs during exposure to visual rearrangement. As already noted, exposure to delayed auditory feedback elicits long-lasting carryover effects to subsequent exposures and is materialdependent as well as strategy-dependent. The process of adaptation to auditory delay is an active one in which the subject tries to develop strategies to compensate for the disruptive effects of the delay. By contrast, adaptation to visual displacement can occur without visual feedback informing the subject about the accuracy of his visuomotor coordination, e.g., without information about errors between the position of the hand and external targets (Held, 1965) . Moreover, using incremental changes in visual displacement, adaptation can be evoked without the subject even realizing that a rearrangement is present (Howard, 1968) . In the absence of error recognition, the possibility of developing a response strategy, such as that necessary for adaptation to delayed auditory feedback, is eliminated. It is clear that, despite improvements in speech production, the subject is aware at all times that a delay is present and can compensate for its disruptive effect only by a conscious strategic effort. Hanley, Tiffany, and Brungard (1958) note that subjects attempt to overcome disruption by a "strength of effort" that is also reflected in terms of physiological measures such as galvanic skin response.
The strategies that the subjects used to counteract delayed auditory feedback fall into two general categories: (a) altering the feedback relied upon, and (b) changing the articulatory motor pattern. Speech feedback is normally derived from three sources: kinesthetic and proprioceptive feedback from the vocal apparatus and musculature, auditory feedback through bone structures, and auditory feedback transmitted through the air. Delayed auditory feedback causes a direct disruption of only air-conducted auditory feedback, and a common strategy is to try to ignore this input while carefully enunciating and attending to proprioceptive and kinesthetic feedback from the tongue and lips. Another strategy of this type involves speaking at high intensity and focusing on the bone-conducted auditory feedback. The second type of strategy uses changes in motor sequencing, such as varying the rhythm and rate of speech, speaking in a discontinuous rhythm or in a regular rhythm out of synchrony with the delay duration, speaking faster or slower, or pausing until the delayed feedback "catches up." Each of these distinct strategies defeats the delay by preventing a synchronization of mean syllabic duration with delay time, thereby minimizing disruption.
The question still remains as to whether it would be possible to adapt totally to delayed auditory feedback so that speech production would return to normal. That is, would longer exposure durations elicit continually greater improvement, or is there a limit beyond which further improvement is no longer possible? The results reported here tend to support the latter conclusion since the magnitude of improvement leveled off during the second experimental session. Once strategies are acquired, it seems that little improvement beyond refining these strategies is attained and that these strategies by themselves are only partially effective.
In trying to understand why it is possible to achieve complete adaptation, sans strategies, to visual displacement but not to delayed auditory feedback, it is important to realize that adaptation to visual displacement can be achieved by a simple postural remapping, e.g., a change in the registered orienta-borne auditory feedback is not a possible solution, tion of head on trunk, of a magnitude and direction because the time that has to be made up is several to compensate exactly for the visual displacement hundred milliseconds; furthermore, one implication (cf. Harris, 1965; Lackner, 1973a, b; 1976a, b) . Such of such a speedup leads to physical impossibilities, remappings do not produce "side effects" that dis-e.g., the resolution of an external sound would often rupt other aspects of sensorimotor coordination. have to begin before the sound arose in the environBy contrast, there is no sensory or postural change ment. Although adaptation to delayed auditory feedthat could by itself eliminate the disruptive conse-back involves the development of compensatory quences of delayed auditory feedback without strategies or maneuvers, and is thus qualitatively disturbing other aspects of auditory localization and different from adaptation to visual rearrangement, analysis. Speeding up the rate of processing of air-it is no less remarkable or complex. 
